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DESCRIPTION 

METHOD AND APPARATUS FOR DIAGNOSING NEOVASCULARIZED TISSUES 

This application claims priority to Provisional U.S. Patent Application Serial No. 
60/442,135, filed January 23, 2003. 

STATEMEN T AS TO RIGHTS TO INVENTIONS MADE UNDER 
FEDERALL Y-SPONSORED RESEARCH AND DEVELOPMENT 

This invention was made with support firom the National Science Foundation and the 
National Institutes of Healtii. The Government may have certain rights in tiiis invention. 

BACKGROUND OF THF. mVFTVTION 

1. Field of the Invention 

The invention relates generally to the field of medical diagnostics. More particularly, the 
invention relates to the diagnosing of neo vascularized tissue. 

2. Discussion of the Related Art 

M recent years, there has been a considerable interest in the investigation of ocular 
neovascularization. Ocular neovascularization is the formation of new blood vessels in the 
development of diseases such as, for example, macular degeneration and diabetic retinopathy. 

Retinal neovascularization resulting firom diabetic retinopathy is the most common cause 
of blindness in young patients in major industiialized counties, and choroidal neovascularization 
resulting firom age-related macular degeneration is the most common cause of severe vision loss 
ia elderly patients. 
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During neovascularization, increased amounts of blood in capillaries change the optical 
properties of the tissue. Meanwhile, it has been known that ocular tissues are inherently bi- 
refringent and may alter the polarization of incident Ught in scattering events according to the 
their geometry and optical properties. 

What is needed is a noninvasive method and apparatus for detecting neovascularized 
ocular tissues. What is also needed is a noninvasive method and apparatus for diagnosing ocular 
diseases such as diabetic retinopathy and macular degeneration. 

SUMMARY OF THE INVENTION 
There is a need for the following embodiments. Of course, the invention is not limited to 
these embodiments. 

According to an aspect of the invention, a method for diagnosing an ocular disease 
includes placing an ocular tissue in the path of a Ught beam, measuring a polarization shift of the 
light beam, and diagnosing an ocular disease if the measured polarization shift corresponds to a 
polarization shift of a neovascularized tissue. 

According to another aspect of the invention, an apparatus for diagnosing an ociilar 
disease includes: a laser, a polarizer coi5)led to the laser, a tissue sample holder coupled to the 
polarizer, an analyzer coupled to the tissue sample holder, a detector coupled to the analyzer, and 
a data acquisition system coupled to the detector, the data acquisition system configured to 
measure a polarization shift of a light beam emitted by the laser and diagnose an ocular disease if 
the measured polarization shift corresponds to a polarization shift of a neovascularized tissue. 

According to yet another aspect of the invention, a method for detecting neovascularized 
tissue, mcludes placing a tissue in the path of a light beam, measuring a polarization shift of the 
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light beam, and detecting neovascularized tissue if the measured polarization shift corresponds to 
a polarization shift of a neovascidarized tissue. 

According to a fourth aspect of the invention, an apparatus for detecting neovascidarized 
tissue, includes: a laser, a polarizer coupled to the laser, a tissue sample holder coupled to the 
5 polarizer, an analyzer coupled to the tissue sample holder, a detector coupled to the analyzer, and 
a data acquisition system coupled to the detector, the data acquisition system configured to 
measure an intensity of a light beam emitted by the laser and diagnose an ocular disease if the 
measured intensity corresponds to an intensity of a neovascularized tissue. 

These, and other, embodiments of the invention will be better appreciated and understood 

10 when considered in conjunction with the following description and the accompanying drawings. 
It should be understood, however, that the following description, while indicating various 
embodiments of the invention and numerous specific details thereof, is given by way of 
illustration and not of limitation. Many substitutions, modifications, additions and/or 
rearrangements may be made within the scope of the invention without departing from the spirit 

15 thereof, and the invention includes all such substitutions, modifications, additions and/or 
rearrangements. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The drawings accompanying and foiming part of this specification are included to depict 
certain aspects of the invention. A clearer conception of the invention, and of the components 
20 and operation of systems provided with the invention, will become more readily apparent by 
referring to the exemplary, and therefore non-limiting, embodiments illustiated in the drawings, 
wherein Uke reference numerals (if tiiey occur in more than one view) designate the same or 
similar elements. The invention may be better understood by reference to one or more of these 
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drawings in combination with the description presented herein. It should be noted that the 
features illustrated in the drawings are not necessarily drawn to scale. 

FIG. 1 is a diagram of a setup for polarization measurements of a retinal tissue, 
representing an embodiment of the invention. • 

FIG. 2 is a diagram of a setup for polarization measurements of a retinal pigment 
epithelium (RPE)/choroidal tissue, representing an embodiment of the invention. . . 

FIG. 3 is a diagram of an experimental schematic for the diffuse reflection and 
transmission measurements on the retinal, choroidal, and RPE/choroidal tissues. In this figure, 
DM stands for Digital Multimeter, PS for Power Supply, PMT for PhotomultipUer Tube, and 
ND for Neutiral Density Filter. 

FIG. 4 is a diagram of an experimental setup for measuring the polarization shifts in 
degrees on the retinal tissue. In this figure, A stands for linear Polarizer, B for Sample Holder, 
C for Linear Polarizer/Analyzer, D for Detector, PS for Power Supply, and DM for Digital 
Multimeter. 

FIG. 5 is a diagram of an experimental setup for measxuing the polarization shifts in 
degrees of all RPE/choroidal tissue and the combination of retinal and RPE/choroidal tissues in 
stack. Id this figure, A stands for Linear Polarizer, B for Sample Holder, C for Linear 
Polarizer/Analyzer, D for Detector, PS for Power Supply, and DM for Digital Multimeter. 

DEgCRIPTlOM O F ILLUSTRATIVE EMEODXMEMTg 
The invention and the various features and advantageous details thereof are explained 
more fiilly with reference to the non-limiting embodiments that are illustrated in the 
accompanying drawings and detailed in the following description. Descriptions of well known 
starting materials, processing techniques, components and equipment are omitted so as not to 
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unnecessarily obscure the invention in detail. It should be understood, however, that the detailed 
description and the specific examples, while indicating illustrative embodiments of the invention, 
are given by way of illustration only and not by way of limitation. Various substitutions, 
modifications, additions and/or rearrangements within the spirit and/or scope of the vinderlying 
inventive concept will become ^parent to one of ordinary ddU in the art from this disclosure. 

The invention may include a method and/or apparatus for detennining an optical property 
of an ocular tissue. The invention may also include a method and/or apparatus for detecting 
neovascularized ocular tissues and diagnosing medical conditions or diseases. Examples of 
ocular neovascularized tissue may include but are not limited to: diabetic retinal tissue, choroidal 
capillaries, and tumor tissues. 

The invention may include a method for relating the optical properties of a biological 
tissue to its constituents. During neovascularization, increased amounts of blood in capillaries 
may change the optical properties of the tissue. For example, retinal vascular development may 
occur due to a combination of vasculogenesis and angiogenesis. Retinal and retinal pigment 
epithelium (RPE)/choroidal vessels may multiply with increased amounts of blood in the 
capillaries, thereby enhancing their scattering, intensity change, and polarization shift properties. 

la one embodiment, the invention may include using a probing light or laser which may 
be linearly polarized at various angles, such as, for example: right circularly, left circularly, or 
eUiptically polarized. light reflected fiom (or ti:ansmitted through) flie tissue may be analyzed. 
An analytical metiiod may be used to characterize tiie optical properties of the tissue, such as the 
one demonstrated by the Stokes-vector MueUer-matrix approach to polarization and Ught 
scattering. 

The invention may include a noninvasive method and/or apparatus for the early detection 
and diagnosis of ocular diseases associated with neovascularization processes, such as diabetic 
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retinopathy and macular degeneration. According to one a^ect of the invention, neovascularized 
ocular tissues may exhibit significantly different optical properties (such as higher scattering and 
iuCTeased degree of polarization shifts of the backscattered polarized light) than healthy tissues. 
According to another aspect of the invention, these differences may be quantitatively accessed at 
different pathological stages using tissue polarimetty. 

Referring to FIG. 1, a diagram of a setsp 100 for polarization measurements for a retinal 
tissue is depicted, according to one embodiment of the invention. A laser 105 is coupled to a 
first polarizer 110. The first polarizer 110 is coupled to a sample holder 115 comprising retinal 
tissue. The sample holder 115 is coupled to a second polarizer/analyzer 120. The analyzer 120 
is coupled to a detector 125. The detector 125 is coupled to a data acquisition system 130. The 
laser 105, the detector 125, and the data acquisition system 130 may each be coupled to a power 
supply (not shown). 

hi one embodimeat, die laser 105 may be a He-Ne laser (such as the IIOIP laser by 
Uniphase Corporation) with a power of 4 milliwatt and beam diameter of 3 mm. The laser 105 
creates a laser beam that is passed through the linear polarizer 110, the retinal tissue in the 
sample holder 115, and the analyzer 120. The polarizers/analyzers 110, 120 may be, for 
example, the 25010 polarizers firom Oriel Corporation. The detector 125 may be a photodiode 
detector which is coupled to a power supply such as, for example, a Cenco model 31382 supply 
(not shown). The detector 125 is connected to the data acquisition system 130, which may be, 
for example, a Fluke model 77 series n multimeter. The data acquisition system 130 may be a 
meter, a digital meter, a data aqcuisition system, a computer, or the like. The data acquisition 
system 130 may measure, for example, a polarization shift and/or an intensity. 

In a first step of a data acquisition operation, the sample holder 115 and the analyzer 120 
are absent from the setup 100, and die polarizer 110 is rotated until the maximum beam intensity 
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is obtained, indicating that the beam is completely polarized. Once the maximiim laser intensity 
is achieved, the analyzer 120 may be placed between the detector 125 and the polarizer 110 (still 
without the sample holder 115 in the Ught path). The analyzer 120 is rotated to maximize the 
light intensity so that that the transmission axes of the polarizer 110 and the analyzer 120 are 
paraUel with respect to each other. Next, the sample holder 115 containing a retinal tissue may 
be placed between the polarizer 110 and the analyzer 120, causing the polarization plane to shift 
due to the anisotropic property of the tissues. The polarization shift of the scattered laser light 
may be observed and the shift may be determined by rotating the analyzer 120 until maximum 
light intensity is measured with the data acquisition system 130. The data acquisition system 130 
may take laser polarization and/or laser intensity measurements corresponding to different 
locations on the retinal tissue and process the acquired data. In one embodiment, an average of 
three measurements is taken for each sanople location. 

Due to the opacity of RPE/choroidal tissue, laser beams may not be able to penetrate 
RPE/choroidal tissue samples. Jn one embodiment, a modification of the experimental setup 100 
detailed in FIG. 1 may be made for measurements of the polarized light scattered off a 
RPE/choroidal tissue sample. 

Referring to FIG. 2, a diagram of an experimental setup 200 for polarization 
measurements of a RPE/choroidal tissue is depicted, according to one embodiment of the 
invention. A clean glass slide (not shown) may be placed in the sample holder 215, and the 
scattered beam may be directed at approximately a right angle with respect to the direction of the 
incident laser beam The analyzer 120 and the detector 125 may be aligned with the direction of 
the most intense scattered beam, and the same technique as described above may be employed to 
assure that the transmission axes of both the polarizer 110 and the analyzer 120 are perpendicular 
with respect to each other. The glass shde may then be replaced by the RPE/choroidal tissue. 
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The polarization shift for the RPE/choroid tissue may be detennined in the same manner as 
retinal tissue of FIG. 1. The data acquisition system 130 may take laser polarization and/or laser 
intensity measurements corresponding to different locations on the RPE/choroid tissue and 
process the acquired data. In one embodiment, an average of three measurements is taken for 
each sample location. 

The invention may include using an experimental methodology as described above for 
perfoiming polarization measurements on retinal and RPE/choroidal tissues placed together 
(combination retinal and RPE/choroidal tissues). In this case, a retinal tissue sample may be 
placed in front of the RPE/choroidal tissue sample. 
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EXAMPLES 

Specific embodimCTits of the invention will now be further described by the following 
nonlimiting examples which will serve to illustrate in some detail various features. The following 
examples are included to facilitate an imderstanding of ways in which the invention may be 
5 practiced It should be appreciated that the examples which follow represent embodiments 
discovered to function well in the practice of the invention, and thus can be considered to 
constitute preferred modes for the practice of the invention. Howcvct, it should be appreciated 
that many changes can be made in the exemplary embodiments which are disclosed while still 
obtaining like or similar results without departing from the spirit and scope of the invention. 
10 Accordingly, the examples should not be construed as limiting the scope of the invention. 



Example 1 

Samples of bovine ocular (retina and RPE/choroid) tissues were prepared from fresh eyes 
obtained from a slaughter plant and preserved at O^'C during transportation for 45 min. Upon 

15 arrival in the laboratory, anterior segments including comea, lense, and aqueous vitreous humor 
fluid were removed from the eyes. Next, the retina was careftdly lifted from the posterior eye 
cup and mounted between two glass slides. The RPE/choroid was subsequently removed from 
the eye and similarly mounted. The thickness of the retinal and RPE/choroidal tissues were 
approximately 0.15 and 0.10 mm, respectively. A small amoimt of vacuum grease was implied to 

20 the edges of the glass sUdes in order to maintain the moisture of the sample. All data was 
collected at room temperature within two hours from the slaughter of the animals. 

The data acquisition operation described herein was performed, and polarization shift 
measurements of both the retinal and RPE/choroidal tissues taken from the bovine left and right 
eyes are given in Table I. 
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Table I 

Polarization shift (in degrees) in the bovine retinal and RPE/choroidal tissues 



Trial Niimber 


Retina 


RPE/Choroid 


Left Eye 


Right Eye 


Left Eve 


Right Eye 


1 


5.96 


6.96 


10.92 




2 


5.92 


4.92 


10.00 


11.94 


3 


6.94 


5.00 


11.96 


13.92 


Average 


6.27 


5.63 


10.96 


8.62 



Polarization shift measurements of combination retinal and RPE/choroidal tissues taken 
from the bovine left and right eyes are given in Table n. 

Table n 

Polarization shift (in degrees) for the combination of retinal and RPE/choroidal tissues 



Trial Number 


Retina & RPE/Choroid 


Left Eye 


Right Eye 


1 


11.92 


15.92 


2 


11.2 


14.94 


3 


13.96 


16.92 


Average 


12.36 


15.93 



Variations in the polarization shifts between tiie left and right eyes may be due to 
minuscule thickness differences in the prepared tissue samples, particularly, when different 
locations were chosen for collecting the data. The data from tables I and H suggest that the 
bovme ocular tissues are polarization dependent, and that the RPE/choroidal tissue shows a 
higher degree of polarization shift than the retina. 

Polarization shifts in the bovine retina have also been measured at 24 hours of interval. 

During this period of time, the sample was kept refrigerated. It was found that the polarization 

shift decreases significantly after 48 hours after the sample preparation as shown in Table HI 

below. A decrease in polarization shift may be attributed to the physiological degradation of the 

10 
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retinal tissue, thereby changLag the its optical properties. 

Table m 

Polarization shift (in degrees) of bovine retinal tissue over time 



Time(hrs) 


Polarization Shift 


0 


6.96 


24 


5.92 


48 


2.10 



Example 2 

Retinal and RPE/choroidal tissues from human healthy and diseased eyes (obtained from 
the National Disease Research Interchange) were carefiiUy dissected and individually placed 
between a pair of glass slides separated by two cover slips or spacers at tiie two ends of the glass 
slides. Spacers may be used to prevent the glass slides from squeezing the tissues from its 
original, native shape to a compressed form. A small amotmt of vacuum grease was used in 
order to seal tiie open space between the glass slides so that the tissue was kept moist and 
retained in the ^ace between the glass shdes. These precautions may be taken in order to 
maintain the integrity of tissues' physiological properties, and also to make sure that the tissue 
optical properties do not change due to the compression and/or dehydration of the samples. 

The data acquisition operation described herein was performed, and the polarization shift 
(AG) and intensity measurements for healthy human retinal, RPE/choroidal, and combination 
retinal and RPE/choroidal tissues are shown in Table IV. 
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Table IV 



Polarization shift (a 9) and intensity for healthy human ocular tissue 



Eye 


Trial 


Retina 


RPE/Choroid 


Retina & RPE/Choioid 


Number 


A O 


Intensity 
(mV) 


A6 


Intensity 
(mV) 


AO 


Intensity 
(mV) 




1 


3.50 


298.10 


8.00 


313.10 


8.50 


313.20 




2 


3.00 


308.60 


6.50 


322.50 


7.50 


312.40 


Left 


Q 
O 


2.00 


315.00 


5.00 


333.60 


6.00 


282.60 




AVG 


2.83 


307.23 


6.5 


323.07 


7.33 


302.73 




1 


3.00 


313.60 


7.50 


322.10 


8.00 


306.70 


Right 


2 


2.80 


310.20 


6.50 


266.40 


6.50 


319.10 


3 


1.50 


315.80 


4.90 


304.30 


6.00 


326.30 




AVG 


2.43 


313.17 


6.30 


297.60 


6.83 


317.37 



The polarization shift (AG) and intensity measurements for diseased human retinal, 
5 KPE/choroidal, and combination retinal and RPE/choroidal tissues is shown in Table V. 

Table V 

Polarization shift (a 6) and intensity for diseased human ocular tissue 



Eye 


Trial 
Number 


Retina 


RPE/Choioid 


Retina & RPE/Choioid 


AG 


Intensity 
(mV) 


AO 


intensity 
(mV) 


Ae 


Intensity 
(mV) 


Left 


1 


6.50 


2.61.90 


11.00 


259.25 


12.50 


210.70 


2 


6.00 


269.75 


10.00 


239.40 


9.75 


205.90 


3 


5.00 


289.50 


8.50 


218.70 


7.50 


201 .50 


AVG 


5.83 


273.72 


9.88 


239.12 


9.92 


272.37 


Right 


1 


6.50 


227.25 


10.00 


249.10 


10.00 


230.10 


2 


6.00 


255.70 


9.50 


218.40 


9.50 


219.20 


3 


4.9 


301.80 


8.50 


208.90 


7.50 


208.90 


AVG 


5.8 


261.58 


9.33 


225.47 


9.00 


219.40 
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A comparison between the average polarization shifts (ag) and average intensities 
between the diseased and healthy retinal, RPE/choroidal, and retinal and RPE/choroidal tissues 
(in stack) from the human left and right eyes is shown in table VL 



Table VI 

Comparison between healthy and diseased human ocular tissue 



Condition 


Eye 


Retina 


RPE/Choroid 


Retina & RPE/Choroid 


Ae 


Intensity 
(mV) 


AG 


Intensity (1) 
(mV) 


AG 


Intensity (1) 
(mV) 


HealflQr 


Left . 


2.83 


307.23 


6.50 


323.07 


7.33 


302.73 


Right 


2.43 


313.17 


6.30 


297.60 


6.83 


317.37 


Diseased 


Left 


5.83 


273.72 . 


9.88 


239.12 


9.92 


272.37 


Right 


5.8 


261.58 


9.33 


225.47 


9.00 


219.40 



The data obtained shows that there is a substantial increase in the polarization shift for 
diseased ocular tissues (retina and RPE/choroid), compared to that of healthy tissues. The 
diseased eyes had been previously frozen, and were thawed before preparing the tissue samples 
for polarization measurements. The normal eyes had not been frozen. Based on previous 
observations of bovine retinal tissue at different times after freezing (see example 1, table m) one 
of ordinary skill in the art would infer that the polarization shift would have been even more 
pronoimced in fresh diseased tissues. 

Further, the polarization shift in human retinal tissue at 24 hours intervals was measured 
and is shown in table VII. 
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Table Vn 

Polarization shift (in degrees) of human retinal tissue over time 



Time (hrs) 


Polarization Shift f degrees) 


0 


13.0 


24 


11.5 


48 


5.0 



It can be observed from table VH that the polarization change decreases significantly after 
48 hours after sample preparation. During this period of time, the sample was kept refrigerated. 
The decrease in polarization shift can be attributed to the physiological degradation of the tissue, 
thereby changing the optical properties. 

The observed variations in the polarization shifts between left and right eyes could be due 
to the minuscule differences in thickness of the tissue samples, particularly, when different 
locations were chosen to take the measurements. The RPE/choroidal tissue shows a higher 
degree of polarization shift than the retina tissue. The shift in the combined retinal and 
RPE/choroidal tissues are substantially higher. From the tables IV-VI, it can be determined that 
the higher the polarization shift, the lower the intensity of flie scattered polarized light. 

The invention may include a method and/or apparatus for assisting in the noninvasive 
diagnosis and treatment of diabetic retinopathy, macular degeneration, and other ocular diseases, 
including cancer detection. 

The claims are not to be interpreted as including means-plus-fimction or step-plus- 
function limitations, unless such a limitation is explicitly recited in a given claim using the 
phrase(s) "means for" and/or "step for." The terms "a" or "an", as used herein, are defined as one 
or more than one. The terms "including" and/or 'liaving", as used herein, are defined as 
comprising (i.e., open language). The term "coupled", as used herein, is defined as connected, 
although not necessarily directly, and not necessarily mechanically. The term "approximately", 

as used herein, is defined as at least close to a given value (e.g., preferably within 10% of, more 
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preferably within 1% and most preferably within 0.1% of). The term "substantially", as used 
herein, is defined as at least ^preaching a given state (e.g., preferably within 10% of, more 
preferably within 1% of, and most preferably within 0.1% of). 

Example 3 

Introduction 

An in-depth characterization of optical properties of human retinal and retinal pigment 
epitheUum (RPE)/choroidal tissues has been performed. The indices of refraction of these ocular 
tissues were determined by applying Brewster's law. The inverse adding doubling method, based 
on the diffusion approximation and radiative transport theory is applied to the measured values of 
the total difiuse transmission, total diffuse reflection, and coUimated transmission to calculate the 
optical absorption, and scattering of the human retinal and retinal pigment epitheUum/choroidal 
tissues. The scattering anisotropy coefficients were calculated using an independent method 
which relates scattering angles and intensities. The resulting values have been analyzed using 
appropriate statistical methods. 

Although there have been some studies on ocular melanin, a systematic investigation of 
the optical properties of intact ocular tissues is lacking. An in-depth characterization of optical 
properties of human retinal and choroidal tissues is presented. Melanin— a dark brown pigment 
abundantly present in human skin, retinal pigment epitheUum (RPE) and choroid— is one of the 
primary biological components for light absorption and scattering. The chemical composition of 
melanin may be distinguished as sulfiar-containing (pheomelanin) or sulfur-free (eumelanin), 
although most physiological melanins consist of two types of copolymer. Dryja et al. (1979) have 
shown that the melanin in RPE and choroid is similar with a low sulfur conteut of approximately 
1%, indicating a largely eumelanin composition. The optical properties, however, do not differ 
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significantly between eumelanin and pheomelanin. Melanin in the RPE/choroidal tissues strongly 
absorb the higher energy photons of ultraviolet radiation which are very phototoxic to the human 
eye. It is also believed that melanin-rich skin has natural resistance to skin cancer induced by 
solar exposure. A recent study has shown fliat the scattering is predominant over the absorption 
in melanin prepared fix>m melanosomes isolated from bovine RPE. Biological materials (e.g. 
tissue and blood) are found to strongly scatter light. Mourant et al. (1998) have demonstrated 
that the light scattering property of biomaterials can be used as a diagnostic means for tissue 
pathology. Since medical laser applications for ocular diseases have steadily increased over the 
past several years and have become more complex, understanding the fimdameaital optical 
properties of ocular tissues is imperative because they influence the distribution and propagation 
of light in laser-irradiated tissues. Due to the complex nature of retinal and RPE/choroidal 
tissues, both of their absorption and scattering propoties must be considered for medical 
^plications of lasers. 

The quantitative distribution of light intensity in biological media can be obtained from 
the solution of the radiative transport equation. The details of tiie radiative transport equation and 
the appUcation of the Henyey-Greenstein scattering approximation to biological media can be 
found in Sardar et al (2001). Although the transport equation is difficult to solve analytically for 
biological media due to tiie inherent inhomogeneities and irregularities in their physical shapes, 
only an approximate solution can be obtained by assuming homogeneity and regular geometry of 
the medium, and thereby an estimate of Ught intensity distribution can be obtained by solving the 
radiative tiansport equation. In asAsx to solve the transport equation, the v^ues for the 
absorption, scattering, and scattering anisofropy coefficients are needed. Thus, an appropriate 
experimental method is necessary to measure these ftmdamental optical properties. Although a 
single measurement of the total transmission through a sample of known thickness provides an 
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attenuation coefficient for Beer's law of exponential decay, it is impossible to separate the 
attenuation due to absorption from the loss due to scattering. This problem, to some extent, has 
been resolved by the one-dimensional, two-flux Kubelka-Munk model which has been widely 
used to determine the absorption and scattering coefficients of biological media, provided the 
scattering is significantly dominant over the absorption. This model provides simple 
mathematical expressions for detemiining the optical parameters from the diffuse reflection and 
diffuse transmission measurements. In the past, researchors have applied the diffusion 
^proximation to the transport equation to study biological media. Most notably, following the 
Kubelka-Munk model and diffusion approximation, an excellent ejiperimental method has been 
described by Van Gemert et al. (1987) and Van Gemert and Star (1987) for detennining the 
absorption and scattering coefficients and the scattering anisotropy factor. 

More recently, an important numerical approach known as the Inverse Adding Doubling 
(IAD) method is employed to solve the transport equation. The IAD method has provided more 
accurate estimates of optical properties for turbid media than any other models previously used. 
Thus, in this example, the IAD method has been employed to determine both the absorption and 
scattoing coefficients. 

A short synopsis of the IAD model is provided here. Two dimensionless quantities used 
in the entire process of IAD are albedo (a) and optical depth (t) which are defined as follows: 

a=-^ (1) 

and 

r=?C"„+//J (2) 
where pia and are the absoiption coefficient and scattering coefficiaat, respectively, t is the 
physical thickness of the sample and is measured in cm. The measured values of the total diffiise 
reflectance, total diffuse transmittance, and unscattered coUimated transmittance are appKed to 
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the IAD algorifbm in order to determine the optical absorption and scattering coeffici^ts of flie 
retinal and RPE/choroidal tissues. Further details of the IAD method can be found in Sardar et al. 
(2001). 

Materials and Methods 

TisMie Sam ple Preparation 

One pair of healthy human eyes and one pair of diseased (neovascularized) human eyes 
were obtained from the National Disease Research Interchange (NDRl). Tlie sanq)les were 
procured under the stipulation that both sets of eyes were from donors with similar ages and were 
shipped "on ice" in order to preserve then: natural optical properties. A total of three tissue 
samples were obtained from each set of eyes: retina, choroid and both retina and choroid (in 
stack, without compression). 

The retinal and RPE/choroidal tissues from both the healthy and diseased human eyes 
were carefully dissected and individually placed between a pair of glass sUdes separated by two 
cover slips (spacers) at the two ends of glass slides. Special attention was paid in mounting the 
samples for optical measurements so that the irradiating Ught was directed into the samples from 
inside the eye cup. The purpose of placing the spacers was to prevent the glass sUdes from 
squeezing the tissues from its original, native shape to a compressed form. A small amount of 
vacuum grease was appUed to the tissue between the glass sUdes in order to seal the open q)ace 
between them so that the tissue was kept moist and retained in the space between the glass sUdes. 
These precautions were needed to mamtain the mtegrity of tissue's physiological properties and 
also to make sure that its optical properties did not change due to the compression and/or 
dehydration of the sample. 
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Measurement of Index of Refraction 

The indices of refraction of the retinal, choroidal, and RPE/choroidal tissues were 
determined by using the Brewster's law. According to the Brewster's law, the index of refraction 
in) of the tissue can be determined by the following expression: 

M^p)=« (3) 
where Gp is the polarizing angle or Brewster's angle of incidence that is achieved only when the 
refracted and reflected beams at the sample surface were at right angles; then the reflected beam 
would be 100% polarized. The index of refraction of mr is taken to be 1. Under these 
circumstances, for an incoming unpolarized wave made up of two incoherent orthogonal /^-states 
(i.e., linearly polarized or plane-polarized), only the component polarized normal to the incident 
plane and therefore paraUel to the surface will be reflected. Using the combination of a xenon aixj 
lamp and a monochromator, a beam of unpolarized light at a known wavelength was directed 
onto the ocular tissue sample retained in between glass sUdes and mounted verticaUy on a 
calibrated table. The polarizing angle Gp was found using a linear polarizing analyzer; the index 
of refraction was calculated for that particular wavelength using Eq. (3). This measurement was 
repeated for four different wavelengths selected through the monochromator. 

Measurement of Scattering Anisotropv 

Using an independent experimental technique, the scattering anisotropy coefficient (g) 
can also be obtained from the measurements of scattered H^t intensities (J) at various scattering 
angles (9) using a goniometer table. The scattering anisotropy coefficient g is given by the 
average cosine of the scattering angle (9) according to Eq. (4): 



2(cos^,)/, 

^=-^X^' (4) 
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whCTe the sums are taken over all values 0;^ of the scattering angles and intensities. The scattering 
anisotropy coefGcient (g) was obtained by irradiating the individual ocxilar tissue sample with a 
HeNe laser. The sample was placed in the sample holder affixed to the center of the goniometer 
table. The measurements wore taken using an Oriel (model 77341) photomultiplier tube (PMT) 
5 mounted at the edge of the goniometer table. The PMT was powered by a Bertan (model 215) 
power siq)ply. The HeNe laser beam was aligned at a right angle with respect to the plane of the 
tissue sample, and the PMT was attached to an adjustable pointer which could be rotated around 
the circular goniometer table for measuring the scattered intensities at different angles. The 
scattered light intensity was measured between 0" and 180<> at an increment of 1° from 0° to lO" 
10 of scattering angle, and an increment of 5° above 10° of scattering angle. Further experimental 
details can be found in Sardar et al. (2001). 

Measurement of Diffuse Reflectance a nd Transmittflnrft 

The total diffuse reflectance and total diffuse transmittance were measured using two 
15 identical integrating spheres (Oriel model 70451). The tissue sample was placed in a specially 
designed holder which coupled the two integrating spheres. The measurements were performed 
on the retinal, choroidal, and RPE/choroidal tissues at 514, 501, 488, and 476 nm from an Argon 
ion laser (Spectra Physics model 2025). Although the maximum output power of the Argon ion 
laser varied from 1 to 2 W, the average output power was kept at its minitmim value of about 5 
20 mW for all optical measurements. The laser beam diameter at was 1.25 mm and beam 
divergence was 0.70 mrad at 488 imi. 

The schematic of the experimaital setup for measuring the total diffuse reflectance and 
total diffuse transmittance is shown in JIG. 3. The e3q)erimental setup was similar to that used 
by Beek et al. (1997). The laser beam was directed into tiie entrance port M of integrating sphere 
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1, whose exit port is coupled wifli the entrance port of integrating sphere 2; the sample was 
mounted at flie coupling port O. The exit port N of integrating sphere 2 was covered with a cap 
with a reflective surface identical to that of the integrating spheres. The diameter of each sphere 
was 6 inches and each port had a diameter of 1 inch. Light leaving the sample reflected multiple 
5 times from the inner surfaces of the spheres before reaching the PMTs. Reflecting baffles within 
the spheres shielded the PMTs from the direct light from the sample. Port M was equipped with 
a variable aperture so that the beam diameter could be appropriately controlled. The reflected and 
transmitted Ught intensities were detected by two identical PMTs (Oriel model 77341); these 
were attached to the two measuring ports of the integrating shperes 1 and 2, The PMTs were 
10 powered by a common power supply (Bertan model 215). The signals from the PMTs were 
measured by two identical Fluke digital multimeters (model 77 series H). The measured light 
intensities were flien utiUzed to determine the total diffiise reflectance Rd and total diffuse 
transmittance 71/ by the following expressions: 



IS and 



where Xr is the reflected intensity detected by the PMT-1 with the sample at O, Zr is the incident 
intensity detected by the PMT-1 without the sample at O and with the reflective surface at the 
exit port of integrating sphere 1, is the transmitted intensity detected by the PMT-2 with the 
20 sample at O and Zt is the incident intensity detected by the PMT-2 with no sample at O and with 
a reflective surface at N, and Y is the correction factor for the stray light measured by the PMTs 1 
and 2 with no sample at O nor the reflective surface at N. 
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Measurement of rnllim atftH Tran«nni ttance 

The unscattered collimated transmittance Tc was measured to determine the total 
attenization coefficient. The collimated laser beam intensities were measured by placing an 
integrating sphere proximately 2 m behind the sample so that the photons scattered off the 
sample would not be able to enter the aperture of approximately 3 mm in diameter at the entrance 
port of the q)here. The sample was aligned at a right angle witii respect to the incident beam. The 
collimated transmittance Tc was calculated by tiie following relation: 




(7) 



where Ai: is the collimated Ught intensity detected by a PMT (Oriel model 77341) attached to the 
measuring port of the integrating sphere and Zc is the incident light intensity detected by the PMT 
with no sample in the hght path; the reflective surface was placed at the exit port of the 
mtegrating sphere in both cases. Additional details on the e3q)erimental design can be found in 
Sardare^a/. (2001). 

Inverse Adding Doubling (IAD) Method 

In order to solve the radiative transport equation, the IAD algorithm must be supplied 
with the experimentally determined values of the total diffuse reflectance {Rd), total diffuse 
transmittance (Jd), and collimated transmittance (Tc). The IAD algorithm iteratively chooses the 
values for the dimensionless quantities: a and t, defined in Eqs. (1) and (2), respectively, and 
then adjusts the value of the scattering anisotropy coefficient (g) until it matches the measured 
values QfRd and Td. The values of a and x provided by the IAD method are then used to calculate 
the absoiption coefficient (jjc) and scattering coefficient using Eqs. (1) and (2). 



22 



wo 2004/064615 PCT/US2004/001836 
Resalts and Discnssion 

The indices of refraction («) of retina and RPE/choroid were measured by the Brewster's 
method at 450, 500, 550, and 600 run from a xenon lamp. The measured n values varied from 
1.34 to 1.38. The refractive indices of intact bovine retina are about 10% higher than those for 
melanin isolated from the bovine RPE melanosomes. Measurements were r^eated three times at 
each of Ihese wavelengths, and the values agreed to within 50/0. Tl,e scattering anisotropy 
coefficients of retmal and RPE/choroidal tissues were deteimined fix,m the goniometric 
measurements to be: 0.79 for retina, 0.78 for RPE/choroid and 0.76 for retina and RPE/choroid 
(in stack). For aU of the IAD calculations, we have used the average values of: 1.36 for retina, 
1.38 for RPE/choroid and 1.39 for both retma and RPE/choroid (in stack). IHese values were 
used to calculate each respective IAD value. 
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Table Vm 



The wavelength (A.) dep^dent optical properties of human retina as determined by the IAD method using the measured 
dififiise reflectance (Rj), difiuse transmittance (Tj), and collimated transmittance (Tp). Hie margin of enois are given below the 
measured values. 





Wavelength 

Ar 

(nm) 


Rd 


Experimental 
Td 


T 


a 


X 


Ma 

(cm-') 


IAD 

Ms 
(cm-') 


Mt 
(cm-') 


1/Mt 
(cm) 




476 


0.140 
± 0.003 


0.74 
±0.01 


0.004 
±0.006 


0.991 


5.36 


1.79 


196.73 


198.52 


0.0050 


healthy 


AQQ 


0.130 
d: 0.006 

0.099 
±0.002 


0.72 
±0.02 

0.71 
±0.05 


0.002 
±0.004 

0.003 
±0.001 


0.988 
0.982 


5.99 
5.87 


2.66 
3.91 


219.19 
213.49 


221.85 
217.40 


0.0045 
0.0046 




514 


0.091 
±0.002 


0.74 
±0.04 


0.003 
±0.007 


0.983 


5.67 


3.57 


206.43 


210.00 


0.0048 




476 


0.330 
±0.005 


0.35 
±0.06 


0.003 
±0.008 


0.979 


5.91 


4.60 


214.29 


218.89 


0.0046 


diseased 


488 


0.176 
±0.004 


0.33 
±0.06 


0.005 
±0.008 


0.949 


5.27 


9.95 


185.23 


195.18 


0.0051 




501 


0.513 
±0.004 


0.35 
±0.05 


0.004 
±0.008 


0.992 


5.50 


1.63 


202.07 


203.70 


0.0049 




514 


0.142 
±0.004 


0.41 
±0.05 


0.002 
±0.010 


0.961 


6.27 


9.06 


223.17 


232.23 


0.0043 



The total diffuse reflectance (JRJ), total diffuse transmittance (Td), and the collimated 
5 transmittance (Tc) were measured on the retinal and RPE/choroidal tissues at 476, 488, 501 and 
514 nm. These values are given in Tables Vm-X. The margin of errors of the measurements of 
Rd, Td and Tc are also given in Tables YIH-X. These values, along with the measured values of 
the index of refraction and the scattering anisotropy coefficient, were input into the IAD 
program. The output of the IAD program provided the dimensional quantities a and t, defined by 
10 Eqs. (1) and (2), respectively. The absorption and scattering coefficients were then calculated 
from the values of a and x. The absorption coefficient (^), scattering coefficient (^), total 
attenuation coefficient {jjt = jLia+iJs\ penetration depth albedo (a), and optical depth (t) for 

tiie retina, RPE/choroid and retina/choroid (in stack) are given in Tables Vni-X, respectively. 
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la both the healthy and diseased retinal tissues, the scattering was found to be 
signijBcantly higher than the absorption; while in the RPE/choroidal tissues, both the absoiption 
and scattering were found to be comparable. However, tiie absorption coefficients of the 
RPE/choroid are consistently higher than those of retina. This is believed to be due to the fact 
that the RPE/choroid is physiologically more opaque and contains melanin. The values of the 
attenuation coefficients of retina can be attributed to some inadvertent cross-contamination of the 
retina with melanin granules from the RPE during sample preparation. Since the attenuation 
coefficients of RPE/choroid at all wavelengths investigated are lower than those of retina, the 
penetration depths in RPE/choroid are larger than those in retina. It is important to note that 
when comparing the retina/choroid samples (in stack), the diseased set of eyes have higher 
absorption coefficient values — possibly due to an increased number of localized 
neovascularizations in the ocular tissue. Also, the scattering coefficients for the diseased eyes 
were lower than those of the healthy eyes; one explanation for this is that the neovascularizations 
have a slight effect on the geometry of tiie light-tissues interaction. 
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Table IX 



The wavelength (X) dependent optical properties of human choroid as determined by the IAD method using the measured 
diffuse reflectance (Rj), diffuse transmittance (1^), and coUimated transmittance (Te). The margin of errors are given below the 
measured values. 



Condition 


Wavelength 

X 
(nm) 




Experimental 
Td 


Tc 


a 




(cm-') 


IAD 
(cm"') 


Mt 


1/Mt 
(cm) 




476 


0.060 
± 0.002 


0.01 
±0.03 


0.002 
± 0.001 


0.476 


6.07 


70.68 


64.21 


134.89 


0.0074 


healthy 


488 
501 


0.054 

±0.004 

0,054 
±0.002 


0.01 

±0.02 

0.01 
±0.02 


0.001 

±0.003 

0.003 
±0.003 


0.567 
0.540 


6.67 
5.86 


64.18 
59.90 


84.04 
70.32 


148.22 
130.22 


0.0067 
0.0077 




514 


0.047 
±0.002 


0.01 
±0.01 


0.002 
±0.005 


0.596 


6.39 


57.37 


84.63 


142.00 


0.0070 




476 


0.325 
±0.005 


0.04 
±0.04 


0.001 
±0.003 


0.935 


7.21 


10.41 


149.81 


160.22 


0.0062 


diseased 


488 


0.184 
±0.002 


0.04 
±0.01 


0.001 
±0,006 


0.887 


7.21 


18.11 


142.12 


160.23 


O.0062 




501 


0.109 
±0.004 


0.03 
±0.03 


0.001 
±0.005 


0.807 


6.76 


28.99 


121.23 


150.22 


0.0067 




514 


0.118 
±0.003 


0.05 
±0.05 


0.001 
±0.006 


0.854 


6.86 


22.26 


130.19 


152.45 


0.0066 



The data has been analyzed using a one-way analysis of variance (ANOVA) test to 
5 confirm that there was a significant statistical difference between each respective tissue sample 
when comparing the two tissue conditions— Wealthy and diseased. Each ANOVA test confirmed 
that there were significant differences (at a = 0.05) between each tissue/condition. One of the 
assumptions used in this analysis was that the respective attenuation coefficients were 
independent of wavelength. This assumption of homogeneity within each experimental condition 
10 can be tested used a test, however, the expected values for these tests are not well established. 
Thus, because there was no observable wavelength-dependence in the reflectance and 
transmittance values, the assumption of wavelength-independence seems valid. Again, the feet 
that there was a significant difference between the optical properties of the healthy and diseased 
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eyes signals that the characterization of these ocular tissues can yield important information 
regarding early detection/treatment of diabetic retinopathy. 

Table X 

The wavelength (X) dependent optical properties of human retina and choroid (in stack) as determined by the IAD method 
using the measured diffuse reflectance (R^, diffuse transmittance (7^), and collimated transmittance (TJ. The margin of eirors are 
given below the measured values. 



Condition 


wavelength 
X 
(nm) 




xixperunentai 
Td 


To 


a 


X 


Ma 

(cm*) 


IAD 

Ma 


Mt 
(cm') 


1/M. 




476 


0.125 
± 0.003 


0.01 
±0.01 


0.001 
±0.004 


0.724 


6J6 


35.88 


94.12 


130.00 


V.VV/ / 


healthy 


488 
501 


0.090 
± 0.004 

0.082 
±0.002 


0.01 
±0.02 

0.01 
±0.05 


0.001 

±0,005 

0.003 
±0.001 


0.665 
0.515 


6.67 
5.86 


47 07 
54.66 


58.04 


IZo.z/ 
112.70 


U.007o 
0.0089 




514 


0.083 
±0.003 


0.01 
±0.04 


0.003 
±0.003 


0.565 


5.69 


47.60 


61.82 


109.42 


0.0091 




476 


0.298 
±0.001 


0.07 
±0.07 


0.001 
±0.007 


0.944 


7.55 


8.13 


137.06 


145.19 


0.0069 


diseased 


488 


0.176 
±0.004 


0.06 
±0.03 


0.001 
±0.002 


0.906 


7.55 


13.65 


131.54 


145.19 


0.0069 




501 


0.070 
±0.003 


0.04 
±0.01 


0.001 
±0.004 


0.800 


7.21 


27.73 


110.92 


138.65 


0,0072 




514 


0.107 
±0.004 


0.05 
±0.02 


0.001 
±0.006 


0.848 


7.21 


21.08 


117.58 


138.65 


0.0072 



On a broader scale, the actual values of the absorption and scattering coefficients for the 
retinal and RPE/choroidal tissues reported in this example have importance for practical 
applications requiring the prediction of Ught transport through pigmented tissue (e.g. in the 
design of treatment models for laser-induced thermotherapy or photodynamic therapy in the eye. 
where the degree of pigmentation at the target sites may vary). Variable pigmentation obviously 
compUcates the laser dosimetry for such treatment modes, because the amount of Ught delivered 
wiU have to be adjusted based on the amount of tissue pigmentation in order to acjiieve some 
standard clinical effect. 
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Example 4 

Introductioii 

An in-depth characterization of optical properties of bovine retinal and retinal pigment 
epithelium (RPE)/choroidal tissues has been performed. The indices of refraction of these ocular 
tissues were determined by applying Brewster's law. The inverse adding doubling method based 
on the diffusion approximation and radiative transport theory is ^plied to the measured values of 
the total diffuse transmission, total diffuse reflection, and collimated transmission to calculate the 
optical absorption, scattering, and scattering anisotropy coefficients of the bovine retinal and 
retinal pigment epithelium/choroidal tissues. The values of the optical properties obtained fiom 
the inverse adding doubling method are compared with those generated by the Monte Carlo 
simulation technique. The optical polarization measurements are also performed on bovine 
retinal tissues. Our studies show that both retina and retinal pigment epithehum/choroid possess 
strong polarization characteristics. 

Although there have been some studies on ocular melanin, a systematic investigation of 
the optical properties of intact ocular tissues is lacking. An in-depth characterization of optical 
properties of bovine retinal and retinal pigment epithelimn (RPE)/choroidal tissues is presented. 
Melanin, a dark brown pigment abundantly present in human skin, retina and RPE/choroidal, is 
one of the primary biological components for light absorption and scattering. The chemical 
composition of melanin may be distinguished as sulfur-containing (pheomelanin) or sulfiir-fiee 
(eumelanin), althou^ most physiological melanins consist of two types of copolymer. Dryja et 
al. (1979) have shown that the melanin in retina and KPE/choroid is similar with a low sulfur 
content of ^proximately 1%, indicating a largely eumelanin composition. The optical 
properties, however, do not differ significantly between eumelanin and pheomelanin. Melanin in 
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tiie retinal and RPE/choroidal tissues strongly absorbs the higjier energy photons of idtraviolet 
radiation which are very phototoxic to the human eye. It is also believed that melanin-rich skin 
has natural resistance to skin cancer induced by solar exposure. A recent study by Sardar et al. 
(2001) has shown fliat the scattering is predominant over the absorption in melanin prepared 
from melanosomes isolated from bovine RPE. Biological materials (e.g. tissue and blood) are 
found to strongly scatter Ught. Mourant et al. (1998) have demonstrated that this Ught scattering 
property of biomaterials can be used as a diagnostic means for tissue pathology. Since medical 
laser applications for ocular diseases have steadily increased over the past several years and have 
become more complex, understanding the fundamental optical properties of ocular tissues is 
imperative because they influence the distribution and propagation of light in laser-irradiated 
tissues. Due to the complex nature of retinal and RPE/choroidal tissues, both of their absorption 
and scattering properties must be considered for medical applications of lasers. 

The quantitative distribution of light intensity in biological media can be obtained from 
the solution of the radiative transport equation. The details of the radiative trasport equation and 
the application of the Henyey-Greenstein scattering approximation to biological media can be 
found in Sardar et al (2001). Although the transport equation is difficult to solve analytically for 
biological media due to the inherent inhomogeneities and irregularities in their physical shapes, 
only an ^proximate solution can be obtained by assuming homogeneity and regular geometry of 
the medium, and thereby an estimate of light intensity distribution can be obtained by solving the 
radiative transport equation. In order to solve the transport equation, the values for the 
absorption, scattering, and scattering anisotropy coefficients are needed. TTierefore, an 
appropriate experimental method is necessary to measure these fimdamental optical properties. 
Althoug^i a single measurement of the total transmission through a sample of known thickness 
provides an attenuation coefficient for the Beer's law of exponential decay, it is impossible to 
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separate the attenuation due to absorption from the loss due to scattering. This problem, to some 
extent, has been resolved by the one-dimensional, two-flux Kubelka-Munk model which has 
been widely used to determine the absorption and scattering coefficients of biological media, 
provided the scattering is significantly dominant over the absorption. This model provides 
simple mathematical expressions for determining the optical parameters from the diffuse 
reflection and diffuse transmission measurements. In the past, researchers have applied the 
diffusion approximation to the transport equation to study biological media. Most notably, 
following the Kubelka-Munk model and diffusion approximation, an excellent experimental 
method has been described by Van Gemert et al. (1987) and Van Gemert and Star (1987) for 
determining the absorption and scattering coefficients and the scattering anisotropy factor. 

Even though the general solution is not available, an elaborate numerical solution is 
possible using the Monte Carlo (MC) simulation technique. More recentiy, an important 
numerical approach known as the Inverse Adding Doubling (IAD) method is employed to solve 
tiie transport equation. Both the IAD method and MC simulation technique have provided more 
accurate estimates of optical properties for turbid media than any other models previously used. 
Therefore, the IAD method has been employed to determine both the absorption and scattering 
coefficients. A short synopsis of the IAD model is provided here. Two dimensionless quantities 
used in tiie entire process of IAD are albedo a and optical depth r which are defined as follows: 

a= fjs/(fis + fjiO (8) 

and 

T=t(^ + fil), (9) 

where fia and are the absorption coefficient and scattering coefficient, respectively, / is the 
physical thickness of the sample and is measured in cm. The measured values of the total diffuse 
reflectance, total diffuse tiransmittance, and unscattered collimated transmittance are applied to 
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the IAD algorithm in order to detennine the optical absorption and scattering coefficients of the 
retinal and RPE/choroidal tissues. Further details of the IAD method can be found in Sardar el 
al. (2001). 

The retinal and retinal pigment epithelium (RPE)/choroidal tissues are foimd to be 
inherently birefiingent and thereby possess the important optical polarization property. Based on 
tiieir geometry and optical properties, these tissues have intrinsic property of altaing the 
polarization of incident light in every scattering event. Therefore, in addition to characterizing 
the fundamental optical properties, the polarization measurements have also been performed on 
bovine retinal and RPE/choroidal tissues. 



Materials and Methods 

Retinal and RPE/CSioroidal Tissue Preparation 

Samples of the retinal and RPE/choroidal tissues were prepared ftom fresh bovine eyes 
(left and right) that were obtained from the local slaughter plants; the eyes were preserved on ice 
and trasported to our laboratory in less than an hour. Upon arrival in the lab, anterior segments 
includmg comea, lens, and aqueous vitreous humor fluid were removed from the eyes. The 
retina was thai carefully lifted from the posterior eye cup and mounted between two glass slides. 
The RPE/choroid was subsequently removed fix)m flie eye and similarly mounted. The 
thicknesses of the retinal and RPE/choroidal tissues were approximately 0.15 and 0.10 mm, 
respectively. A small amount of vacuirai grease was applied to the edges of the glass slides in 
order to maintain the moisture of the tissue sample. All of the data was collected at room 
temperature within two hovirs from the slaughter of the animals. 
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Measurement of Index of Refraction 

The indices of refraction of the retinal and RPE/choroidal tissues were determined by 
using the Brewster's law. According to the Brewster's law, the index of refraction {n) of the 
tissue can be determined by the following expression: 

tane^ = n, (10) 
where ^ is the polarizing angle or Brewster's angle of incidence that is achieved only when the 
refracted and reflected beams at the sample surface were at right angles; then the reflected beam 
would be 100% polarized. The index of refraction of air is taken to be 1. Under these 
circumstances, for an incoming unpolarized wave made up of two incoherent orthogonal /^-states 
(i.e., linearly polarized or plane-polarized), only the component polarized normal to the incident 
plane and therefore parallel to the surface will be reflected. Using the combination of a xenon 
arc lamp and a monochromator, a beam of unpolarized light at a known wavelength was directed 
onto the ocular tissue sample retained in between glass slides and mounted vertically on a 
calibrated table. The polarizing angle ^ was found using a linear polarizing analyzer; the index 
of refraction was calculated for that particular wavelength using the Eq. (10). This measurement 
was repeated for four different wavelengths selected through tiie monochromator. 

Measurement of Scattering Anisotropv 

Using an independent experimental technique, the scattering anisotropy coefficient g can 
also be obtained from the measurements of scattered light intensities (I) at various scattering 
angles (0) using a goniometer table. The scattering anisotropy coefficient g is given by the 
average cosine of the scattering angle ^according to Eq. (1 1): 

^=-^-£7; — . (11) 
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where the sums are taken over all values (i) of the scattering angles and intensities. The 
scattering anisotropy coeflScient (g) was obtained by irradiating the individual ocular tissue 
sample with a HeNe laser. The sample was placed in the sample holder afBbced to the center of 
the goniometer table. The measurements were taken using an Oriel (model 77341) 
photomultipUer tube (PMT) mounted at the edge of the goniometer table. The PMT was 
powered by a Bertan (model 215) power supply. The HeNe laser beam was aUgned at a right 
angle with respect to the plane of the tissue sample, and the PMT was attached to an adjustable 
pointer which could be rotated around the circular goniometer table for measuring the scattered 
intensities at different angles. The scattered Ught intensity was measured between 0° and 180^ at 
an increment of 1° from 0^ to 10° of scattering angle, and an increment of 5° above 10° of 
scattering angle. Further experimental details can be found in Sardar et al (2001). 

Measurement of Diffuse Reflectance and Transmittance 

The total diffuse reflectance and total diffuse transmittance were measured using the two 
identical mtegrating spheres (Oriel model 70451), The tissue sample was placed in a specially 
designed holder which coupled the two integrating spheres. The measurements were performed 
on the retinal and RPE/choroidal tissues at 514, 501, 488, and 476 nm from an Argon ion laser 
(Spectra Physics model 2025). Although the maximum output power of the Argon ion laser 
varied from 1 to 2 W, the average output power was kept at its minimum value of about 5 mW 
for all optical measurements. The laser beam diameter at 1/e was 1.25 mm and beam 
divergence was 0.70 mrad at 488 nm. 

The schematic of the experimental setup for measuring the total diffuse reflectance and 
total diffuse transmittance is shown in BIG, 3. The experimental setup was similar to that used 
by Beek et al (1997). The laser beam was directed into the entrance port M of integrating sphere 
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1, whose exit port is coupled with the entrance port of integrating sphere 2; the sample was 
mounted at the coupling port O. The exit port N of integrating sphere 2 was covered with a cap 
with a reflective surface identical to fliat of the integrating spheres. The diameter of each sphwe 
was 6 inches and each port had a diameter of 1 inch. Light leaving the sample reflected multiple 
times jOrom the inner surfaces of the spheres before reaching the PMTs. Reflecting baffles within 
the sfpheres shielded the PMTs fix»m the direct light from the sample. Port M was equipped with 
a variable aperture so that the beam diameter could be appropriately controlled. The reflected 
and transmitted light intensities were detected by two identical PMTs (Oriel model 77341); these 
were attached to the two measuring ports of the integrating spheres 1 and 2. The PMTs were 
powered by a common power supply (Bertan model 215). The signals from the PMTs were 
measured by two identical Fluke digital multimeters (model 77 series IT). The measured hght 
intensities were then utilized to determine the total difiuse reflectance Ra and total diflEuse 
transmittance Td by the following expressions: 

^"^t^ (12) 

and 

Ji=fff (13) 

where Xr is tiie reflected intensity detected by the PMT-1 with the sample at O, Zr is tiie incident 
intensity detected by the PMT-1 without the sample at O and with the reflective surface at the 
exit port of integrating sphere 1, Xt is the transmitted intensity detected by the PMT-2 with the 
sample at O and Zt is the incident intensity detected by the PMT-2 with no sample at O and with 
a reflective surface at N, and Yvs the correction factor for the stray light measured by the PMTs 1 
and 2 with no sample at O nor the reflective surface at N. 
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Measurement of Cnllim ated Transtn jttance 

The unscattered collimated transmittance Tc was measured to determine the total 
attenuation coefficient. The collimated laser beam intensities were measured by placing an 
integrating sphere approximately 2 m behind the sample so that the photons scattered off the 
sample would not be able to enter the aperture of approximately 3 mm in diameter at the entrance 
port of the sphere. The sample was aUgned at a right angle with respect to the incident beam. 
The coUimated transmittance Tc was calculated by the following relation: 

2:=f (14) 

where Xc is the coUimated hght intensity detected by a PMT (Oriel model 77341) attached to the 
measuring port of the integrating sphere and Zc is the incident Ught intensity detected by the PMT 
with no sample in the Ught path; the reflective surface was placed at the exit port of the 
integrating sphere in both cases. Additional details on the experimental design can be found in 
Sardarefa/. (2001). 

Inverse Adding Doubling rTAD') Method 

In order to solve the radiative transport equation, the IAD algorithm must be supplied 
with the experimentally determined values of the total diffuse reflectance (Ra), total difiEuse 
transmittance (T^), and collimated transmittance {Tc). The IAD algorithm iteratively chooses the 
values for the dimensionless quantities: a and r. defined in Eqs. (8) and (9), respectively, and 
then adjusts the value of the scattering anisotropy coefficient g until it matches the measured 
values of Ra and Ta. The values of a and r provided by the IAD method are then used to 
calculate the absorption coefficient (jlu,) and scattering coefficient (^) using Eqs. (8) and (9). 
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Monte Carlo (MO Simulation 

The accuracy of values of the absorption coefficient (^) and scattering coefficient (j^) 
determined by the IAD method was verified by the MC simulation technique. The MC 
simulation uses the stochastic model to simulate the light interaction in biological media. The ^ 
and calculated by the IAD method, along with the experimentally determined index of 
refi:action n and scattering anistropy coefficient g were used to compute the and Td. These 
values were then compared for accuracy with the experimental values ofRa and Td. A detailed 
theoretical description of the MC model in biological media is given by Prahl et al. (1989). 



10 Measurement of Polarization Shift 

The experimental setup for polarization measurements for the retinal tissue is shown in 
FIG. 4. The He-Ne laser (Uniphase model 1 lOlP) with a power of 4 mW and beam diameter of 
3 mm was passed through a linear polarizer placed in firont of the retinal sample position beyond 
which was placed a second linear polarizer (analyzer). The polarizers were obtained &om Oriel 

15 Corporation (Oriel model 25010). Behind the analyzer was placed a photodiode detector that 
was provided a low bias voltage firom a power supply (Cenco model 31382); the photodiode was 
connected to a multimeter (Fluke model 77 series IT). First, the polarizer (without the sample and 
analyzer in the laser pafli) was rotated until the maximum laser light intensity was obtained, 
indicating that the laser beam is completely polarized. Once the maximum laser intensity was 

20 achieved, the analyzer was placed behind a pair of blank shdes (without the sample in the Ught 
path). The analyzer was then rotated to maxunize the Ught mtensity so that that the transmission 
axes of the polarizer and analyzer are paraUel. Thus, the reference condition was established with 
a pair of blank slides placed in the sample position. The blank slides were then replaced by the 
retinal sample placed between the polarizer and analyzer. The polarization shift of the scattered 
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laser light was observed and the shift was determined by rotating the analyzer until maximum 
light intensity was achieved. Measurements were taken at three different locations on each 
sample; an average of the three measurements was taken for each location. 

Owing to its opacity in nature, the beam cannot penetrate the RPE/choroidal tissue 
5 sample. Therefore, a simple modification of the experimental setup is made for measurements of 
the polarized light scattered off the RPE/choroidal tissue, and is shown in BIG. 5. A clean glass 
slide was placed in the sample holder and the scattered beam was directed at approximately a 
right angle with respect to the direction of the incident laser beam. The analyzer and photodiode 
were aligned with the direction of the most intense scattered beam. The same technique as 
10 described above was employed to assure that the transmission axes of both polarizer and analyzer 
are parallel. The glass slide was then replaced by the RPE/choix)idal tissue sample. The 
polarization shift for the RPE/choroid was determined in the same manner as done for retina. 
For the RPE/choroidal sample, measurements were taken at three different locations on the 
sanq)le; an average of the three measurements was taken at each location. This was done to 
15 minimize the uncertainties in the measurements. The same experimental methodology was 
utilized for the polarization measurements on the retinal and RPE/choroidal tissues placed 
together. In this case, retinal tissue sample was placed in firant of the RPE/choroidal tissue 
sample. 



20 Results and Discnssion 

The indices of reftaction (n) of retina and RPE/choroid were measured by the Brewster's 
method at 450, 500, 550, and 600 nm from a xenon lamp. The measured n values varied from 
1.34 to 1.38. The refractive indices of intact bovine retina are about 10% higher than those for 
melanin isolated from the bovine RPE melanosomes. Measurements were repeated three times at 
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each of these wavelengths, and the values agreed to within 5%. The scattering anisotropy 
coefficients of retinal and RPE/choroidal tissues were determined to be between 0.92 and 0.96 
from the goniometric measuranents. For all of the IAD calculations, we have used the average 
values of 1.36 and 0.94 for the index of refraction n and the scattering anisotropy coefficient g, 
respectively. 



Table XI 

Tlie wveleogUi (X) dependent absorpUoa caoefficlent ftij, scattering coefficient fti,), total attcnualion coeffloient (m), mem 
free padi (l/Pt). albedo (a), and opHcal dq)th (i;) as dciemiined by TAD using the measuted dilibse reflectance (R<), diffuse 
transraittance (TJ. and coUiimted transmittancc CT.) for retina. Tlie mat^ of enots are giron belovv the measured vahies. 



X 




Experimental 










IAD 






(ran) 




Td 


Tc 


a 


T 


(cm-') 




Ml 




514 


0061 
±0.005 


0.79 
±0.06 


o.iio 
±aoo8 


0*952 


2.16 


10.4 


205 


215.4 


0.00465 


501 


0.060 
±0.004 


0.76 
±0J)6 


0.132 
±0.008 


Oi>39 


2.15 


13.0 


202 


215.0 


0.00465 


4S8 


0.058 
±0.004 


0.70 
±0.05 


0.112 
±0.008 


0.915 


Z14 


18.2 


196 


214:2 


0.00467 


476 


0.054 
±0.004 


0.65 
±0.05 


0.13] 
±0.010 


0.882 




23.5 


175 


I9&5 


0.00504 



The total diffuse reflectance (Rd), total diffuse transmittance {Td), and the collimated 
10 transmittance (Tc) were measured on the retinal and RPE/choroidal tissues at 514, 501, 488 and 
476 nm. These values are given m Tables XI and XE. These measurements were repeated three 
times; the coefficient of variation of the measurements was approximately 4%. These values, 
along with the measured values of the index of refraction and the scattering anisotropy 
coefficient, were input into the IAD program. The output of the IAD program provided the 
15 dimensional quantities a and r, defibaed by Eqs. (8) and (9), respectively. The absorption and 
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scattering coeffidraits were then calculated from the values of a and t. The absorption 
coefficient scattering coefficient (^), total attenuation coefficient (jut = penetration 
depth (l/jLo), albedo (a), and optical depth (i) for the retinal and RPE/choroidal tissues are given 
in Tables XI and XC, respectively. The measured values of Rd and Ta used to calculate |ia and 
by the IAD method were compared with those generated by the MC simulation technique. These 
values are given in Tables Xm and XIV. 
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Table Xn 

Hie wavelength (K) dependent absorption coefficient (pj, scattering co^cient Og, total atteauation coefficient J> mean 
ftee patii (l/jiO, albedo (a), and cpUcal depth (t) as detennlned by IAD using tlie measuied diffuse reflectance (Rj), dlfiiise 
transmlttanco (Td), and collimated transmittance (T^ for bovine RP&choroid. The margin of enois are given below the 



measured valaes. 



Wavelength 




fixperimental 








IAD 








(nm) 






Tc 


a 


T 


Pa 
fcm'h 




Ml 
fern-') 


I /Ml 

(cm) 


514 


0.1454 

±0.0!1 


O.00QSO 
±0.00004 


0.00030 
±0.00002 


0.545 


8.06 


245 


293 


538 


0.00 156 


50] 


0.1877 

±0.014 


0.00050 
±0,00004 


0.00040 
±0.00003 


0.422 


7.78 


300 


219 


519 


0.00193 




0.08S7 
±0.004 


0.00060 
±0.00004 


0.00050 
±0.00004 


0.344 


7.55 


330 


173 


503 


0.00199 


476 


0J244 
±0.009 


0.00140 
±0.0001 


0.00100 
±0.00007 


0.630 


7.55 


238 


219 


457 


0.00219 



Table Xm 



The wavelength (X) dependent diffuse reflectance (I^X difliise bansmittance (T^), dotciniincdby die experiniental and 
_Moiite_^riojedmigu^^ reiina^ 



Wavelengtli 
X 


llxperimental 


Monte Cario Simulation 


Percent DiJTevence 


(nra) 


Rd 










514 


0.0614 


0.7S62 


0.0673 


0.7606 


S.78 3.36 


501 


0.0598 


0.7580 


0.0608 


0.7404 


L57 2.3S 




0.0580 


a7008 


0.0530 


0.6979 


7.70 0.42 


476 


0,P544 


0.6531 


0-0545 


0.65S7 


0:27 0.S5 
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Table XIV 

The wavelengdi (X) dependent diffuse rcfledance (R^), difiuse transmitlance (Ta), d<^nnined by the experimental and 
Monle Carlo techniques for bovuie lUPE/choroid. 



Wavelength 
X 


ExpeiimenUil 


Monte Carlo Simulatlan 


Peicent DilTerence 


(nm) 




Ta - 








514 


0.1454 


0.00O5O 


O.J400 


0.00053 


3.S9 5.03 


501 


0.1877 


0.00050 


0.172S 


0.00052 


S.65 4.10 


48S 


0.0887 


0.00060 


0.0S39 


0.00064 


5.75 6.54 


476 


0;i244 


0.00 UO 


0.1179 


0.00150 


5.52 6.95 



In the retinal tissue, the scattering was found to be significantly higher than the 
absorption, while in the RPE/choroidal tissue, both the absorption and scattering were found to 
be comparable. However, the total attenuation coefficients of the RPE/choroid are consistently 
higgler than those of retina. This is believed to be due to the feet that the RPE/choroid is 
physiologically more opaque and contains melanin. The absorption coefficients of bovine retinal 
and RPE/choroidal tissues are found to be generally higher than those found in bovine melanin 
prepared from the bovine RPE melanosomes. This deviation can be attributed to the fact that 
these tissue are more physiologically intact than the isolated melanin. Owing to the same reason, 
the total attenuation coefficients of RPE/choroid at all wavelengths investigated are found to be 
significantly higher than those of retina. Therefore, the penetration depth in RPE/choroid is 
much smaller than those in retina. The actual values of the absorption and scattering 
coefficients for the retinal and RPE/choroidal tissues reported in this examples have importance 
for practical applications requiring the prediction of light transport through pigmented tissue, e.g. 
in the design of treatment models for laser-induced thermotherapy or photodynamic therapy in 
the eye, where flie degree of pigmentation at the target sites may vary. VarisOile pigmentation 
obviously comphcates the laser dosimetry for such treatment modes, because the amount of light 
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delivered will have to be adjusted based on the amount of tissue pigmentation in order to achieve 
some standard clinical effect 

Table XV 

Polarization ^ft (in degrees) in fliebo\'me lefinal and RPEfchoroidal tissues from the left and rigbt eyes. 



Sample 




Retina 






RPE/Qioroid 


Number 


Left 














Rigbt 


Left 




I 


5.96 




6.96 


J 0.92 


12.16 


2 


5.92 




4.92 


lO.OO 


11.94 


3 


6-94 




5.00 


11.96 


13.92 


Average 


6^7 




5.63 


10.96 


12.67 



Table XVI 

Polarization sluft (in degiiees) for the combination of retinal and 
RPE/choroidal tissues ftom ttie bovine left and riglit eyes- 



Sample 



Redna 



Number 


Left 




Right 


1 


11.92 


15.92 


2 


112 


14.94 


3 


13.96 


16.92 


Averaia!B 


12.36 


1S.93 



We have also measured the shifts of the polarization in both the retinal and 
RPE/choroidal tissues taken from the bovine left and right eyes. These data are given in Tables 
XV and XVI. The experimental data were tested for normality with a statistical software 
program, SPSS; the data exhibited ^proximately normal distribution. The observed variations 
in the polarization shifts between the left and right eyes could be due to the minuscule thickness 
differences in the prepared tissue samples, particularly, when different spots on the same sample 
were chosen for collecting the data. Our data clearly suggests that the bovine ocular tissues 
possess strong polarization properties. However, the RPE/choroidal tissue shows a higher degree 
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of polarization shift than the retina. We have also measured the polarization shifts in the bovine 
retina at 24 hoiirs of interval and found that the polarization shift decreases significantly after 48 
hours after the sample preparation. These values are given in Table XVn. During this period of 
measurements, the sample was kept refrigerated. The sharp decrease in polarization shift can be 
5 attributed to the physiological degradation of the retinal tissue, thereby changmg the optical 
properties drastically. 



Table XVn 

PoJorization shift (A 9) and irttensity for healthy Imman retiiial. RPE/dJoroldar, and retinal and RPE/dioroidal tissues combined 
(in stock). 



Eye 




Rctfna 




RPE/CIioroid 


Retina & RPE/ChoroEd 


Trial Number 


A6 


1 












AO 


I 


AO 


1 






(degrees) 


(mV) 


(degrees) 


(mV) 


(degrees) 


(mV) 




I 


3.1 


301 


7.0 


318 


7.8 


3J3 


Left 


2 


3.0 


3m 


6.S 


323 


7.5 


312 


3 


2.4 


313 


6.0 


329 


6.8 


303 




Average 


2.8 ±0^ 


307±6 


6.5 ±0.5 


307 ±6 


7.3 ±0.5 


309±6 




I 


2.5 


3!4 


6JS 


322 


7.3 


307 




2 


2.S 


310 


6.5 


319 


6.5 


314 


3 


2.0 


3t6 


5.8 


324 


6.8 


316 




Average 


24 ±04 


313 ±3 


6.3 ±0.5 


307 ±6 


6.S ± 0^ 


312 ±5 



The optical polarization study of ocular tissues is of important significance for optical 
10 noninvasive diag^osis of neovascularized tissues. Retinal neovascularization resulting fi-om the 
diabetic retinopathy is the most common cause of blindness in young patients in major 
industrialized countries, and choroidal neovascularization resulting Scorn the age-related macular 
degeneration is the most common cause of severe vision loss in elderly patients. The retinal 
vascular development occurs by a combination of vasculogenesis and angiogenesis. An 
15 additional diagnostic application of retinal polarization is to evaluate the effect of glaucomatous 
damage to the nerve fiber layer in the retina. The polarization-sensitive optical coherence 
tomography (PSOCT) can determine retinal nerve fiber layer thickness and bireftingence. See 
DncTOS etaL (2001). 
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High transmittance values in the visible region have been reported in the previous studies 
on retinal and RPE/choroidal tissues. Geeraets and Berry (1968) found that in the visible region 
transmittance was greater than 80% in human, rabbit, and monkey retinal tissues. However, Van 
den Berg and Spekreijse (1997) argued that the data presented by Boettner and Wolter (1962) 
could be explained only on the basis of pure water content in the ocular tissues. Additional 
studies on the spectral properties of ocular media ranging from tJV through near-infrared have 
been reported by other authors. The high transmittance and very low reflectance in the visible 
region reported by these authors are similar to ours. 

The polarization studies show that the bovine retina and RPE/choroid possess strong 
polarization characteristics. 
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